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CHAPTER I
- INTRODUCTION

Iarge scéle animal or fowl operations, when combined with. con-
fined houéing practices, have created a serious problem in the han- »
dling and disposal of animal waste exbretions. In the‘Southwesternv
states, the problem is onéwa-wastg accumulatioh and management re-
sulting from the cbncentratibh offdattle feéding in large feedlots
with animal capacities measured in'thé thousands (27). With poultry,
the concern has been such that the first national symposium on poultry
industry waste management was held at the University»of Nebraska in
May of 1963, This was followed by a second symposium on the same sub-

Ject in l96h, With swine operations, it has been estimated that the
future markeﬁing capability of one confinement unit will be 1,000 to
100,000 hogs per year (35). | |

In addition, the above becomes increasingly important when it is
related'to the farm operation thét is located near an urban center of
population. For example, the state of California is already faced
with such a problem for large scale cage type poultry operations (14).
In other areas of the country, such as the Northeastern United States,
this problem is currently beginning to present itself.

The use of free stall dairy housing systems has changed ﬁhe dairy
manure handling concept to one of "liquid maﬁurgﬁ or “slurry". This

is due to the fact that bedding usage is minimized as coﬁpared to the



conventional or loose housing practices. With free stalls, a grid
type floor over a semi~continuous or continuous collection pit could
be used to collect the feces and urine excreted from the animals. If
this practice were to be féllowed, then there is a potential for con-
sideration of the use of the oxidation ditch system described by Ckun
in his discussion of wastewater treatmeht in Burope (28). The applica-
.tion cited was for small communities, but the agricultural animal size
enterprise can be lboked upon as being somewhat the equivalent of such
installations. Animal wastes under these circumstances may be the
equivalent of a large city from a strength standpoint although from a
volume_poinf of view the waste quantity being handled may be smaller,

- Related to the conditions already described, the USDA Agricultural
Research Service Farm Equipment and Structures Research Advisory Com-
“mittee in its report of January, 1963 made the following statements
and recommendation,

There is evidence that some current methods of temporary storage
contribute to sanitation problems affecting the health of the animals
or poultry and certain methods of disposal lead to contamination of
domestic water supplies, Flies, dust, and odors are part of this -
problem, ' -

Therefore, it is recommended that the current limited research in
this area be expanded at once to determine the location and magnitude

of the problems, analyze the shortcomings of current practices, and to
develop criteria for solving the problems,

| Problem Statement

Although there are a number of references on the subject of sani-
tary engineering the ones needed for the solution of agricultural
problems are inadequate. In terms of establishing basic design cri-
teria for the sanitary engineering of agricultural wastes, a useful

tool, if feasible, would be the application of the theory of simili-



tude in conjunction with the use of models. This tool, generally
speaking, has been of value in the early development stage of solution
to many problems in the past. It requires that the design require-
ments for the model be ascertained along with the establishment of
what the model operating requirements should be.

With the current interest in the housing of cattle on grid floors,
a method of collecting and handling feces and urine which contribute
to a reduction in volume is desirable. One possible treatment process
for this purpose is mechanical aeration. This method makes use of
mechanical devices such as paddle or spray mechanisms, or aspirating
devices to introduce oxygen into a slurry (34).

Babbitt and Baumann (5) cite the relative simplicity of mechanical
equipment for slurry agitation purposes. Relating this to agricultural
application, this would be a desirable feature to have with the waste
treatment process used. The second factor of importance is economics.
Kappe (18), in a resume of operating experience with mechanical surface
aeration, concludes that this approach has made it possible for small
towns to provide complete treatment at -a low first cost and reasonable.
operation cost. As for installation size limitation, Roe (32) indicates
that such systems are uneconomical if the operating capacity is greater
than approximately 1 million gallons per day. The size of agricultural

installations for consideration are on a much smaller scale.

Objectives

The objectives of the study were:

1. To -establish a method whereby model studies can be used to



2.

L

evaluate the efficiency of mechanical aerators for agricul-

tural wasteﬂdisposal systems.

" To develop a prediction equation for describing the effectiven

ness of a rotor paddle aerator for transferring oxygen from -

air to a liquid.



CHAPTER II
LITERATURE REVIEW

Both the aeraﬁion diteh and aeration tank haﬁe'been used for waste
treatment procésses; The ASAE glossary on uniform terminology in farm
waste management (2) defines an aerafion tank as 5 tank in which sludge,
‘sewage, or other liquid waste is aerated, There is no definition given
for the aeration or oxidation ditéh as it is sometimes called. Webb
- {37) explains this under the.heading of aeration systéms. The types of -
‘aeration systems are discussed of which one category is paddle wheels
or éurfacé beaters,'Figure 1. It ﬁaé.then indicated that designs in- o
corporating‘this pfinciple‘éould be used with a tank or ditcﬁ; vThere
is no differentiation made between these methods except for the overall
statement that liquid.depthvis not very deep in orderbto maintain a
vigordus agitation aﬁd a general swirling of the aerated surfacevliquid
into the body of iiquid. It appears that thé difference in the choice
- of these two general methods could be one of construction costs al-
though Pasveer (30), in reporting on experiments with brush aefation,»
indicated that the process of aeration takes place entirely in the
immediate vicinity of ihe brush, and that aeration.proceeds moré rapid-’
ly in a small tank or gutter than in a large tank, owing to the greater

turbulence set up in the small tank,
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‘The Oxidation Ditch

Walker (36) fefers to the‘fact that sewérage treatment plants for
1arge communities are complex. In addition to this, expert.supervision
is required. Toq scale such plants down for capacity and size does not
result in a simplificatibn of its operation or the process. This means
that the cost of building and operatihg small sewage treatmeht plants
is often prohibitive to developments or villaggs in the 100 to 5,000
population category, Reference is ﬁade to the extensive studies on
small seﬁage'treatmént plants conducted by the Research Institute for
Public Health.Engineering‘of the Netherlands under the direction of
ProfeSsér Dr. J. K. Béars. |

Baars (A)-states that the system of proionged aeration of sewage
in an oxidation ditéh offers the possibility of full sewage tréatmenﬁ
for small communities at the same proportionate cost as that of the
_conventioﬁalvactivated sludge system for large communities,- This con= |
cept was described by Williéms and Munson (39), Figure 2, as one of the
new trends for the United States in the field of sewage treatment and
its application in existing and future treatment problems.

Baars indicated that the process may be continuous or discontinu-~
ous depending upon the local situation and the quantity of sewage to be
tfeated. Plants are in operation fanging in capacity from 200 to LOOOY'
population, with a 7000 inhabitant plant being considered. He indicated
that the system may be used, not only for domestic sewage, but also for
dairy, potato starch, and other kinds of industrial waste. At present,
it is not known what the maximum capacity of the oxidation ditéh is.

In the United States, the Lakeside Fngineering Corporation (22)
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has adopted ﬁhe oxidation ditch for use as a low cost sewage treatmeht
plant. The system involves the.use of a cage type rotor as an aerationb
device. The oxidation ditch used is laid out in the form of a race
track, Its development has stemmed from the studies conducted by the
‘vResearch Institute for Public Health Engineering of fhe Netherlands
previously mentioned.

According to Williams and Munson (39) the oxidation ditch described
is not an aerated lagoon. The cage rotor has a twofold function. |
First, it suppliés oxygen to the slurry, and secondly, it provides the
mechahism for slurfy propulsion in ihe ditch., Their classification-of.
thé systém is that it belongs in the extenaed aeration group of t}eat-
ment processes. It is a modified form of activated sludge. The sim-

" plest type of installation possible is one having intermittent rotor
aeration operation, Figure 3. When the rotor is stopped, the sludge in"'
the ditch is allowed to settle and surface liquid drained Off, There

. are other variations of the same system in which the rotor aerator
voperates continuously.

Okun (28), in his discussion Qf wastewater treatment in Furope,
states that brush aerators produce a high efficiency of aeration and
permit use of high solids concentration with resulting high efficiency.
The reference to high solids concentration is applicable to agricul-
tural wastes as can be observed from Hart's (13) summary of experiment .

results with dairy and chicken manure.
Aeration

The ASCE Sewage Treatment Plant Design Manual (3) classzflesvihe

methods of introducing air into sewage as being either dlffused-alr
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aeration or mechanicgl-éeration. 'Diffused‘aeration is defined as
aeration:prodgced in a liquid by'aif paséed throﬁgh a diffuser. |

Mechanical aeration is defined (3) as: |

‘ 1.» Thevmixing,}by medhanic;l means of sewage and activate&‘sludge,
in'thé aeration tank of the activated sludge process, to bring
freshvsurfaces of ;iquidbinto contatﬁ.with'the atmosphere.

2. The inﬁroductioniofvétﬁospheric oxygen into a liquid by the

mechaniéalvaction‘bf paddie‘or,spray mechanisms.

Aé;ording>to Eckenfelder‘(ll),.tﬁe main reason'fof aeration in a
waéte treatment process is to:tfansfér oxygen. ﬁe_statés that oxygen
transfer is'psually accomplishgd~by difquidn of air bubbles discharged
from‘submeréed.qtifices. In casés.ﬁhére highvoxygen transfer ratés are
needed, a turbine is used‘to}increase thé ﬁurbulent‘mixing and the mass
transfgr rate. Tﬁe rate at‘whiéh'this 0xygeﬁvtransfer occurs depends
upén the: | |

1. Natu£e of>the diffusion device,v

2. Submergeﬁce dépth.

3. Chemicai néturé of the waste mixture.

4. Air flow rate. |
The last factcrvrelaﬁes toldiffused‘air pfocesses where air is forced
" into the sewage being treated. This system involves the use of blowers,
filters,vcdmpressors, air maiﬁs; laterals, feeder pipes, and‘diffusers
(34); -' |

The physical quantitiés for considerétion in a mechanical aeration
system were discussed bvaaplovsky, et él. (17). A broad list of vari-
ables were listed and then reduced fo‘describe a particuylar system.

Relationships were developed for the absorption rate per unit power for
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‘steady state conditionsl(cénstant flow rate), They stated that the
method of dlmenelonal analysis could lend a531stance to futurc studlec
1nsofar as a cOWperlson betwaen uyatcm= would then be poq51ble, It
"fwas indlcated that dlmen51onal analy51s 13 a necessary approach whereverf

) model studles are undertaken.”.

o . Hawkes (15) states that - atmospherjc oxygen mnst paws through four
v'stsges before it is utllized 1n the blolog:cal oxidatlon of waste,

These ares | | |

1. The transfer of atmosnheric oxygen 1nto solutlon in the waste
water, } |
2. The transfer of the oxygen dlsSolved in the waste water to the
| surface of the resplring cell, “ ’ | |
e 3, The diffusion through the cell wall ‘and cell membranes 1nto
. the cell itself. R | | |
ke The absorption by the 3npropriate resplratory enzyme,

The first two stages are. of concern in waste treatment plant operntlon

whlle stages 3 and L are governed by the properties of the cells them—

selves,p

Krenkel and Orlob (21) examined the basic theorles of the mechan-
‘ism of gas transfer 1nto‘11qu1ds, They stated that‘there was general
agreemenf except for the definition ofvthe ?eénation rate constant,

Theftﬁeoreiical approachee‘to‘this eopect were limited by the‘indeper—
‘minate forﬁ of the paramete:e invo1§ed, and ﬁhereforehexperiments are
.required to predict the»behafioroorvan'aeration eystem in any precti-

cai situation. The authors indicated‘thatfthevever-growing pollution

prcblem has brought an increesingourgeney'fOr solution of problems'

- associated with the dispersive pronerties of liguids,-and that the
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modern engineer must acquire an understanding of the diffusion process
if he is to adequately cope with the situation.

Pasveer (29) reporﬁed that the rate of solution of oxygen in water
in motion cannot beicalculated without recourse to experiment; and that
the rate of diffusion is inversely proportionazl t§ the square roct of
pime. The latter factor was considered to be an importaﬁt concept in
any invesiigation of the diffusion prccess;

Downing and Truesdalé (10) investigated & number of factors oh
the rate of solution of oxygeh in fresh and saline waters to provide
information about reaeratibn.in a polluted estuary.' It was‘shéwn thai
stirring water at different speeds with impellers or forcing air streams
of differénﬁ veiocities tangentially over the surface caused relatively
gradual changes in the rates of solution until the surface became visi-
bly disturbed, A&fter this, there was a much more rapid increase in the
rate of solution with an.increased fate of stirriﬁg or wind velocity.
For different conditions of surface agitation, the rate ofvsolution ine
‘creased.linearlj with increasing temperatures in the rangé of 0 - 35°C,

Weston (38) reported on work with an entfainment serator to better
define the fundamentals of opsration and to more precisely determine
the effects of diametsr, blade height and width, number of blades,
speed of rotation, submergence and other varisbles on horsepower re-

quirements and oxygen transfer, The entrainment aerator was a circular,

"'# flat plate with vertieal blades‘exianding radially from the periphery

‘of the plate towards the center. In operation,‘the plate is rotated in
a horizontal plane a short distance below the normal water surface,
The fesults of these turbine operations were a transfer rate of 3.7

1bs, of oxygen per water horsepower-hour for low speed operation and
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3.1 1bs of oxygen per water horsepower-hour for high speed operation.
This was for tap water at‘20°C and 0.0 ppm dissolved oxygen.

Sawyer (33) states that in aerobic biological treatment prdcesses,
the limited solubilit& of oxygen is of greét iméortance because it gov=-
erns the rate at which oxygen will be abscrbed by the medium and,
therefore, the cost of aeration. The low_splubility of oxygen is ;
limiting factor in the purification capacity of natural watefs. It

is for this reason that waste materials from animzls or humans must be

processed* before their discharge into moving water bodies,
Oxygen Transfer Measurement

Kessener and Ribbius (19) evolved the céncept of oxygenstion ca-
pacity for an aeration tank., 'This was defined'as the rate of oxygen-
~ation for deoxygenated distilled water at a temperature of 10°C and a
barometric pfessure of 760 mm, expressed in grams of oxygen per hour
pér cubic meter of aeration tank liquid volume.

Measufamenﬁs of oxygenation capacity of an aeration system were
vmade by the Netherlands Research Institute for Public Health Engineer-
ing (30). The procedure used was t§ fill an aeration tank with water.‘
GXygen was.then taken out of the water by the addition of ferrous sule-
fate and sodium hydroxide solution.. The chemicals and water were then
| mixed thoroughly. This was followed by the addition of air until there
was a small amount of oxygen preéent in the water. Once the initial
oxygen content was established, the aeration mechénism was placed in
operation after which samples were taken at regu;ar intervals for the

*ﬁcoordiﬁg to the Enéineer's'Joint Council, "Thesaurus ofiEngi¢

~ neering Terms", the word "processing® is indicated as a use preference
over the word “treatment®,



determination of oxygen content,

Cooper (8) et al, sfudied the performanée of agitated gas-liguid
contactors using a sodium sulfite solution, Thése investigations in=-
volved vaned disks and flat paddles in geomefrically similar, straight
cylindrical tanké. The experiment procedure was as follows. Tap water
at about room temperature was placed in the tank-and the agitator start-
ed. ough sodlum sulfite crystals to make the solutlon approximately
1 normal in sulflte ion and cupric sulfate to produce z copper concen=
tration of at least 107 -3 molar were added and allowed to dissolve. The
air was then turned on, and a timer was started when the first bubbles “
of air emerged from fhe gas dispersing device, -Tﬁ@ rates of oxygen ab-
sorption were measufed by determination of the ﬁncxidized sulfite~ion
content of the solution Before and after each run.

The Standafd Methods for the Exsmination of Water and Wastewater
(1) lists two metheds for the determination of.dissolvad'oxygen‘in a
liquid: (1) chemical and (2) polarographic.‘-For the chemical deter#‘
mination, there is a choice of methods available. This difference fea
sults from modifications that have been madé to offset vari0us ions
and compounds which cause interferenqe in‘the determinatioﬁ:of dis~
solved oxygen. The polarographic meihod ié suggested for uée where
the chemical methods'are subject Lo serious errors in the presencé'of
high coneentration of industrial wastes,

| There are now avsilable ccmﬁercially a number of instruments caw-
pable of measuriﬁg dissolved oxygen. These are essentially electrode
probe type units separated by a gas permeable nembrane material from
the 1iqui§s or slurries being measured. A&n electrolyte provides the

means for completing the electrical circuit between the anode and cathe-
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ode, A thermistor is built into the probe for automatic temperature
compensation. In using these probes, =z mihimum liquid or'slurry flow
velocity past the probe must be maintained.

Carritt and Kanwisher (7) reported on an electrode system for
measuring dissolved oxygen. A&s compared to othef procedures that have
been used, the electrode system offers speed and simplicity. It can
also be used with continuous recording units. An electrode system was

selected for use in this study and is described further in Chapter IV,



CHAPTER ITI
THEORY
Thebretical Considefatiéns

For»a given type of rotor §add1e mechanism and set of operating
conditions, the rate of okygeh transfer from the atmosiheré to a liquid
or slurry at any time, t, will be depehden£ upon the concentration of
the oxygen in the liéuid initially, Ci’ énd the tempefature of the 1ig-
uid or slurry. During tﬁis oxygen transféf process, a point of equilib=-
rium or saturation will be approached where the Exygen molecules enter-
 ing the liquid and fhoSé éécaping from it will be equal and constant.
This is illustrated grabhicallf Ey the upper eﬁd of the curve shokn in
Figure he Thé point at which this occﬁés will be déependent upoﬁ the
physical 1imitations enéountered in paddle system Opefétiona The satu-
ration level §5r dissolved oxygen in a liguid or siur%?, C39 for a
given téiperétﬁfe and pfessure is répieéented Ey the hofiiontai line.

In Figﬁre h,'the slope of the curve is perhaps ﬁbre meaningful in
an evaluation of the rotor paddle mechanism for the oxidation treatment
of agficultﬁral waste. This is based upon the hypothesis that aerobic
or faéultativé bactérié will ﬁtilize the dissolved oxygen of a liQui&
or slurry in the decémpositioﬁ of organic matter (jl)e As this sﬁﬁply
of oxygen becomes deﬁleted, ifé réplacement will be deﬁendent upon me-
chaniecal aerator efficien¢yg Tﬁé oxjgen trénsfe} by mechanical means

will be influenced by the design of the rotor §addle mechanism and the

17



Dissolved Oxygen Concentration, Ct, mg/l

Figure Uu.

._.._—__.».
Time, t

Hypothetical Relationship of the
Effect of a Rotor Paddle Aerator
on Oxygen Level in a Liquid or

Slurry over a Given Period Time.

18



19

associated mechanism operating conditions. In éddition, there willbbe
an optimum level for bacteria environment; organic loading, and period
of seration which in turn must be'ielated to the maximum mechanical
aerator perforﬁance.

Haney (12) stated that there is no simple relationship between
femperature and solubiiity in water. Hevindicated that adequate tabu~
lar datavhas been prepared on the subjéct. One source (1) givgs a de~-

" crease of 0.8 mg/l in the solubility of éxygen in water exposed to
water—saturated‘air in going from 68%F (20°C) to 77°F (25°C) at a total
| préssure of 760 mm of.mercury. ‘The amount of decréasé is 0.7 mg/l if
there are chlorides present in the water; | |

Eckenfelder (ll).défined the mass transfer rate, R, of oxygen from
‘air to water as being equal to the overall liguid film coefficient, Ky

times the area of interfacial contact between air Bubblqs and a liquid,

- A, times ﬁhe.diésolved oxygen deficit of a liquid. The latter term re-
presents a subtraction of the‘dissolved oxygen concéntration in the lig-
uid ihitially, CL’ from the dissolved oxygen conicentration at saﬁura-
tion, CS’ for a given temperature and pressure. The resulting equa-
tion is R = K;A(Cg~- Cp). This is in agfeement with what Lewis and
Whitman (2),) state earlier for the introduction of air iﬁto a tank.
Bekenfelder's discussion was for bubble aeration in a column of water:
where surface aeration is neglected. ‘The overall liquid film coeffi-
cient, K;, was related to the velocity of the air bubble in its rise to
the surface: the submerged depth of the air diffusing device in the
iiquid: and -the rate of oxygen diffusibn in the liquid or slurry. A4s

it has been difficult to measure the interface area, 4, Eckehfelder in-

dicated that it has been an acceptable practice to combine the K;  and
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A terms,

In the present study, the term oxygen transfer coefficient, CTC,
. represented thg equivalent coﬁbination of the KL and A terms used to
describe diffused aeration, For a rotor aerator type paddle mechanism
of the configuration and action shown in Figure 5, the expression, 0IC,
involves a ratio of the concenpration of dissolved oxygen, Ct’ in a

given volume of liguid or slurry at any time, t., to the concentration

23

of dissolved oxygen initially, Ci’ and at time tl' It is related to

the level at which the given volume of liquid or slurry reaches its
saturation point, Cs’ for holding dissolved oxygen at a given tempera=-
ture. The oxygen transfer coefficient can bé developed from the ex-~
pression
dCy
— OTC(GS— Ct)
dt

where :

dc
—t = the time rate of change in dissolved oxygen concen=-

dat
tration at any time, t, and

C, and C_ are as previohsly defined having units of milli-
grams per liter; mg/l.
With Gt and t as variables, the general solution becomes:
@ £}
4 - OTC/ ot
(Cs"ct)
7
where

Cl and C, are respectively the dissolved oxygen concentra-

2
tions, mg/l, at times t; and t,.
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Integrating the above expression gives:

 C t
2 2
-In(C_~ ct)] = OTC"&]
C - -t
1 1
Substituting for Ctzs

Cy- Gy

-In = 0TC(tp- t7)

Cs'lcl

which can also be written as:

-n "cl/c»s = OTC(t, - t) = oTc(at)

Rearranging'termé gives:
1-C2/c
- ,._2_/.9.3.
1 - %/,
, At " .
with OTC having the dimension of t'l; According to this hypothesis, if

..J‘Jn

oTC=

a semi-logarithmic plot of the experimental data is made, then a =
Straighi line should be obtained. OTC will rep:r=sent the slope of this
line. If GTC is divided by the rotor aerator speed, N, which aiso has
ihe dimension‘t'a, a dimensionleés parameter is obﬁained. ’

The oxygen transfer coefficient, OTC; thus found can be used to
describe the effectiveness ofva rotor type paddle mechanism in terms
of its Spéed and paddle coﬁfiguration.._ The experiment.conditioné far
the determinaiiOn of this coefficlent can bé designed toiélso take in£o ’
account variablesvsuch'as liquid or s’urry depthvénd the immersion
depth of the paddle in the liquid or slurry. Related to these factors
are the volume of liouid in the tank and the tank configuration. A
rotor aerator paddle immersed in a latge volume of liquid would re--

quire a longer period of time to change the dissolved oxyg;n content
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level of the ligquid as compared to the same rotor aerator paddle being

immersed in a lesser volume of liquid.
Theory of Similitude

Murphy (26) Stateswthat those principles which uﬁderlie the proper |
design and construction, operation, and interpretation of models ‘of a
prototype machine or structure comprlse the theory of slmllltude. It
includes a consideratlon of the conditions under which the behavlor of

two separate entities or systems will be similar, and the techniqueS'of

accurately predicting results on the one from observatmons on the other.; '

This theory can be developed by dlmen51onal analy51s.v He statesvthat
dlmensional analygis is based‘upon two axioms: -
| 1., &4bsolute numefical equality of quantities’ﬁay exist only when
the quantities are similar éuantitatively.
2. The ratio of the magnitudes of two like- quantities is 1ndepen-
~dent of the unlts used in their measurement, provided that the
‘same units are used for evaluatlng each,
Inbapplying the theory of similitude, the experiméﬁtal reSearéh i§
conducted on one system, the model. The observations ﬁade are then

used to predict the performance of other systems, the prototype. Accord-

ing to Murphy (26), when these experimental procedures are combined with

dimensional analysis, quéntitativévresults and accurate prediction
equatlons can be obtained.

With dimensionless analysis, the variables which are belleved to
influence the behavior of a physical system are first established. For
the inQestigations made, and the type of rotor aerator paddle bladg»con~

figuration selected, the physical quantities assumed to influence the
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rate of oxygen tramsfer per revolution of a paddle wheel in the
mechanical aeration system described in Figure 5 are presented in Table
I. The dimensions listed represent qualitative characteristics of
physical measurements or observations.

The pertinent quantities of Table I, which must be measurable in
physical units, are then combined to form dimensionless ratios referred
to as Pi terms. According to Langhaar (23), the number of dimensionless
products in a complete set will be equal to the total number of variables
minus the rank of their dimensional matrix. Murphy.(26) states that the
only restriction placed upon Pi terms, in addition to being dimensionless,
is that they be independent. The Pi terms developed for the system

studied were:

pi = & pi_ - o8t b, - ¥
1 N 57 W 9 S
r
L P
., _ _at ., _ _id . _
P12 = ET_- P16 = _T;— Pllo = R
r
3 1 777D 11 D
4 G 8 D

Dimensionless Ratio Discussion

oI¢ the rate of

The dependent variable in this study was Pil, T

oxygen transfer per revolution of a paddle wheel. This represented a
ratio of a unit volume of dissolved oxygen to a unit volume of the liquid
or slurry per revolution of the rotor aerator. This relationship was

discussed in more detail previously under theoretical considerations.

W
r

~—-£; and Pi —, represented the relationships of

L
at, o4 a
5° Wr 11’ bp°

Piz H *ﬁ"’_a
T



TABIE I

2

PERTINENT QUANTITIES FOR A ROTOR-AERATOR SYSTEM

Symbol | Tdentity

M = Mass T = Time

Number of Pi terms =15 - 4 =11

No, Dimension

1. OTC | Oxygen transfer coefficient, 1/Se¢.._u -1

2. | D 1Rctor diameter, ft, | L

3. v.Pid Rotor paddle immersion depth; ft, L

hf Pw Rotor paddle finger width, ft, L

5. 42» - Liquid depth, ft. o L

6. Lot Aerator tank length, ft. L

7. Wy Aerator tank width, £t. L

8, W} Rotor aerator width, ft. L

9., N Rotor aerator speed, rps » IIT'l
10. K- | Rotor paddle finger spacing; ft. L _ 

11. R Number of paddle blades on roter —_—

‘ - shaft _

12. ,9» Liquid density, 1b_feu.ft. M3 |

13. M Liquid absolute viscosity FL™2T.
| 1b, - sec./sq.ft. | :

. G Gravitational effect, lbg/lby '

15. Ne Newton's second law coefflclent FM;lL’lT"z

1bf/lb - ft /sec.2 :
Dimensioﬁs: 'éba Force L = Length
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the rotor aerator width to the liquid volume surface area and to the
rotor aerator diameter. Except for Pill,_ga, these dimensionless ratios
were held constant for the experiments conducted. Since rotor diameter .

was varied, the effect of variation in‘ﬁi was neglected.
o ,

Pig, ;ﬂ, the ratio of paddle finger width to paddle finger specing.v_-
ﬁasbl.o for all of the experiments. Its relation to the tfansfer'of'
oxygen from air to liquid'is in terms ofvliquid agitation, Haney (12) 
states that ihe agitation of a ligquid deereases‘the resistance of the
1liquid to gas transfer. Pasveer (29) reported that the energy dsed‘
for aeration should be dlrected toward the creation of a new water-air
1nterfacial surface. The paddle blade finger arrangement contrlbutes
to the latter. These factors also apply to the number of paddle blades
on a rotor shaft, Pilo,“R, If there were only two paddle blades as com-
pared to the twelve paddle blades ueed in the study, at a given rqtof'
aerator speed the dissolﬁedvoxygen content.of the liqﬁid er,slurry
would change more slowly. A rectangular shaped paddle blade finger was
maintained but changes in the length and width dimensions were made
: %hen the remaining Pi terms were varied. The paddle blade thickneSS'
was held constant. A discussion of the retor paddle blade configuration
used in this study ie described further in the chapter en‘apparatus'and |
equipmenf. | | |

The remalnlng Pi terms, P13, Plh, Pig,s P17, and Pig were treated
as the independent variables for the observations made. In the remarks
eoncernlng each independent Pi term, it is assumed that all other fae-
tors remain constaﬁt. ‘

Pig, E%E?QE, repreSents Reynolds number, It is an index of a

ratio of inertia force to viscous force in the liqﬁid; According to
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Kaplovsky et al. (17), increased turbulence will_increase the number of

air-water interfaces and enhance oxygen transfer. For a given set of

experiment conditions, as the rotor aerator speed, N, is increased, it

would be expected that there be increased turbulence along with an in--
vcrease in the rate of oxygen transfer. _ ‘ ;

Pi), Eggﬂf, is the Froude number. It is an index'qf inertia to
gravity forcee; The inertia force is repreeented'by the'ﬁrodﬁct NeDn2.
;f‘gravity were not present, it would have beeﬁ difficult to confine
phe liquid aerated to the experiment tank. Perhaps of equal impo;tance’
- is the role of gravity in the creation of kuoyart forces which caﬁse
immersed bubbles to surface at some deflnlte rate of movement

Pig, Pid, is a ratio of the depth of the rotor paddle in the 11qév
,éid to theDrotor paddle diameter, As this ratio is 1ncreased, the rate
| of oxygen transferbshould increase, | |
Pi7,_§y, ie‘aerétio of'width of a rotor.paGQle finger to the reeor
 diameter: An increase in this ratio tends tojﬂcraasevthe paddleeliquyd'
éentact aree'per paddle finger. It would also Space:ihdividual paddle .
fingers further apaﬁt in.a given line., In additioh, there is a contri-
Buting effect to the oxygen transfer precess from the getion of alter;
nate paddle finger spacing on adjacent paddles. Tﬂie paddle finger
arrangement is further described in the chapter on aﬁparatus and equip~
ment | ‘ |

Pig, q’ is a ratio of the depth of the liquld to the rotor paddle .
diameter. As this ratlo is decreased, for a given rotor diameter, the
- volume of liguid belng aerated wlll be less. Therefore, the aeration
fate should increase.

In its,simplest form, the relationship of the Pi terms can be ex-
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pressed as a prediciion equation in the form of:
Pip = £( Piy, Pigy veveruenenens Pip)

The function‘which appears on the right-hand side of the general
equatiqn may.denote_any.combination of Pi terms, FIf the rotor aerator
system operation rahge conditions are satisfied; the predictioﬁ_equation
’will be valid providing no significant pertinent quantities have been
overlooked,

z ‘Murphy'é procedure (26) for laboratory observations ié‘that all of
the Pi terms bé held'constént except one. Tﬁis one Pi term is then
varied while measurements of the phenomenon of interest are_made, After
completion'of a rahge of observations £or a given Pi térm, a. component.
equaticn is developed for this relationship; & similar procedure_is
then followed for the remaining indepéndent Pi terms. The companent
equationsvare then combined to form a predictign equation..vﬂepending
upon the form of the component equation, the Pi terms can-be‘combined '

by multiplication or summation to give a general prediction equation;
Theoretical Analysis

It is not possible to theoretically determine the oxygen transfer
coefficient, OTC, for a given mechanical aeratioh system without first>
" resorting to ex?erimentai data. 4lthough this computation can be made
in terms of assumed dissolved opxygen concentration levels'aﬁ various |
time intervals, as per the hypothesis already outlined, there is no def—'
inite relationship established to a given type_mechanical aerator.,
Therefore, experimental data mus£ be collecte@ on disselved oxygen
levels in a liguid or slurry for given system cbnditions in order to

‘have a meaningful hypothesis. From these data, a prediction equation
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éan then be developed:which would permit computatign of an oxygen tranSQ
fer coefficient; OTC. The range of validity for this pfediction equa-~
tion would be dependent upon the‘range of values selected for the vari—
ables already described. Tﬁis same pradiction»equation can be used to
estimate the probable oxygen lransfer coefficient in newvapplibations

for the type of system investigated. An example is the expected rotor
aerator performance for processing of a number of different agricul-
tural wastes providing the physical properties of material denéity and.

viscosity were known,



CHAPTER IV
APPARATUS AND EQUIPMENT
Model Rotor Aerator

A model paddle type rotor aerator, Figure 6, was constructed and
mounted in a stainless steel container having transparent plastic side
walls, Figure 7. The range of speed required for the rotor aerator was
obtained through use of a variable speed drive, Figure 8, in conjunc-
tion with the use of pulleys and a V-belt. A.stainless steel, U-shape
channel was inserted inside of the aeration tank, Figure 9. The over-
all inside dimensions for the aerator tank were:

Length: 17.32"
Width: 8.66"
Depth: 11.02"

The height of the rotor'aeration shaft was positioned as shown in
Figure 10, A,sériés of driilgd holes at predetermined spacings and
slotted holes in the shaft support assembly, Figure 10, were used to
;btain the height adjustments needed. A gasket was secured to the in-
side of the shaft support assembly to prevent leakage. The shaft sup-
port assembly was positioned on the outside of the aeration tank and
held in place by stove bolts.

Details of the rotor paddle blade configuration are shown in Fig-
ure 11. The various sizes of paddle fingers used in the experiments

are presented in Table II,
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Figure 6.

Model Rotor Aerator Paddle
Mechanism.
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Figure 7.

Experiment Aeration Tank.
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Figure 8.

Rotor Experimen-
tation Set-up
Showing Variable
Speed Drive and
Aeration Tank.
The Check Tank
Used With the
Experiment is 1in
the Background.
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Figure 9.

Position of U-Shape Channel in
Aeration Tank and Method of
Holding Channel in Place. View
is from Top Looking Down into
the Aeration Tank.
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Figure 10.

End View of Rotor Aerator Shaft
Support Assembly; Both a Slot
and Series of Drilled Holes

Were Used for Shaft Height Posi-
tion Control.
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Rotor Paddle Blade
Showing Staggered
Arrangement of Fingers
and Comparative Sizes.
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N TABLE II
ROTOR PADDLE BLADE FINGER DIMENSIONS

Length Width Spacing
inches inches inches
1.75 0.297% 0,297%
1.25 ‘ 0.225 0,225
0.75 0.156 : 0.156
- 0.75 0,25 - - 0.235
0.375 0.086 0.086

#* Calculated value was 0.294. Dimension change was for machining con-
‘venience, ' . :

Bach paddle blade was inserted into a 1/16" x 1/16" keyway on thé
bshaftf The kéywaysv were spaced at 30 degree intervals on the shaft |
circumference. A recessed collar was used at Eoth ends to assigp_in.
paddle blade assembly initially and to secure thevpaddle‘blades'oh the
shaft., Two érrangements for‘naddle fingers were used, e.g. alternate:
paddle blades had fingers p031t10ned at staggered locations.. The‘enﬁire'.
assembly consisted of twelve paddle blades per rotor shaft |

The 1" rotor shaft rode in oll—lmpregnated bronze bearings which
were press-fitted into pillow blocks. The pillow blocks were fastened
to the shaft support bracket with machine screws, .Solid steel shaft
collars, with set screws, held the rotor aerator in position with re-

lation to the aerator tank.
Instrumentation

& Jarrell-Ash dissolved oxygen analyzér was used for_dissolved-'
oxygen measurement, A cross section of the electrode probe assembly
(16) and its components are shown in Figure 12.

According to the above cited source, this electrode assembly



Teflon Membrane

Figure 12,

~—Retainer Ring

Thermistor 0.25N KOH

Silver Anode

— Platinum Indicator
Electrode

Cross section of electrode assembly.
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functions as follows. The teflon membrane is permeable to. diséolved>
oxygen but much less to other dissolved substancés, When the axygen
'diffuses through the membrane, it reacts at the platlnum electrode to
be reduced to hydroxyl form. The hydrcxyl 1ons diffuse,to_the sllver
anode reference electrode to form a silver’oxide surface. When ihe
silver oxide makes contaqt with the internal potassium hydroxlde elec- 5
trolyte, a circuit path is completed to the platlnum electrode and a
current signal produced. This current signal is proportlonal to the L
amount of oXygen reduced. A thermlstor built into the probe»prov1ded
| automatic compenéation for changes in temperature. o

Due to the fact that oxygen dlffu31on 1n a llquld sample 1s slow,
va minlmum flow of 1 cm/sec. should be maintalned at the tip of the dlS-:
solved oxygen analyzer probe. A magnetlc stirrer (E. H. Sargent and

Co. Cat. No, 8~764,90) was used in the laboratery for‘thiS‘purpose,



CHAPTER V
EXPERIMENTAL PROCEDURE
Experiment Design

Referring to the Pi terms develcped in Chapter III, the expression
for the prediction equation:to describe the effectiveness of a rotor

aerator for oxygen transfer from air to liquid was:

OTC _ Lat ., Wat Pid Pw Pw W,
T - s R P B SL LR SL R .

Of the independent Pi terms, %%3, %%E, gﬂ, and R were held constant and

‘the effect 6f variation in E!was neglected. Eliminating_theéé five Pi

D
terms, the predi¢tion equation to describe the effectiveness of a rotor

aé?ator for oxygen transfer from air téiliquid was reduced to:

otC . P »
5 - tre, Fr, B ¥, 3.

The experimé%tal schedu}e followéd is giQensin Téﬁle IIT and waé'based
uponbthe ﬁérfbrménﬁe range that could bé‘éxpected in a prototype rotor
aerator,
& total 6f 3L tests were conducted. The test sequence followed

is given in Appendix A,

In the experiments involving Reynolds Number and the Froude Num-
ber, the rotor diameter was varied to- obtain the desired experiment de-
sign, If the Reynolds Numﬁer value was changed, then the Froude.Numa

ber value was held constant by an adjustment in paddle wheel speed.
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EXPERIMENT DESIGN

TABLE I1I

Fr#

0TC Re# | Pid/D Pw_/D dl/D .
Observed Vary D Adjust N Adjust Py,  Adjust P, Adjust dy
Hesponse  —wm— = ‘ J

1025 "ﬂ - .

2.25%  0.1456 0.167 0,0693 1.68

3’25" . . ‘ .

l“25n '
Adjust N Yary D
’ 1.25% » v

16671 2,25" - As above -  As above  As above

_ 3.25% ' ' '

o251
Vary Pyg |

16671  0.1456 %;g:: 0.0693 - 1.68

E . 5/8"‘ . .
_ | - * Vary _131

16671 0.1456 0,167 5;32" | 1.68

: . l "
, 1 /2 n
Vary dy
| | | 3 25/32v
16671 0.1456 0.167 0.0693 L 25/32"
5 9/32"

5 25/32"
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For example, when the rotor paddle diameter, D, was changed to A;ZS
inches to vary Pi3, Reynolds Number, the value of all the other Pi
terms in which a D term appeared was effected, An adjustment to oné or
more of the other pertinent quantities in each of these Pi term e#pres-‘
sions was necessary to keep these values constaﬁt.' For the Froude Nﬁm—
ber, this was controlled by calculating the speed, N, necessary to keep
this value from changing, In this case, the calculated rotor aerat@r‘
speed was determined to be 218 rpm or 3.63 rps. This was then the rotor
aerator speed for which measurements of the dependent parémeter, Q%Q’ |
were made when the Reynolds Number, PiB, was varied. As might be noted
vhere, the paddle finger width and spacing also had to be modified be- |
‘cause of the chahge in rotor diameter, D, if‘Pi7, %ﬂ, ﬁere to remain un-
changed, This value‘was determined fo be O.2§h'inches and is given in
Table II and the paddle blade described is shown in Figure 1la. Simi-
larly the calculated values for paddle immersion depth was:0.703 inchés
in Pig, E%Q, and for the liquid depth in the aefator‘tank was 7,09
inches in Pis, %}. A summarization of values for the corfgsponding
tests conducted are bresented in the expefiment sequence ofiéppendix A
under Test Nos, 4 and 5.

Similarly when the Froude Number, Pih, was changed, the épeed ne;
ceésary to hold the Reynolds Number, PiB’ constant was calculateq. For
a 4.25 inch diameter rotor, the computed speed, N, was 83.6 rpm or 1.4
rps. The,remaining Pi terms were the same as previously computed.
These‘data are summarized under Test No. 6 in the Experiment sequence of
Appendix A,

In ﬂhe scheduling 6f the test seguence for the first séries, the

Pi7, %ﬂ, tests were last due to the fact that the paddle blades required



for these observations were not available until then. As-some‘equip-
ment modification was involved with the Pis,w%ﬁ,.tests,‘the second

series'preceded the Pi7 tests as a preeautionary‘measure._'
Experiment Teehniqﬁe

}Distilled water was used for the study. Prellnlnary 1nvest1gat1qns
.with dairy feces and urine indicated that too many varmables ‘would be
‘introduced'if’this.material‘were used., For example,‘there was little-
control over the source of manure supply available. This would haie
“had to come. from different animals subject to dmfferent feeding programs.v
Animal diet also changes the characteristlcs of the excretlon leav1ng ‘
van animal. Por example, a high concentrate feeding program w111 preb- f‘
ahiy result in a soupier feces than that from an enimal which has been,b
on a high rcughage feedlng program. .The latter feces ﬁould be more
fibrous contalning more lignin, Basie lnformatlon on waste materlal
bhysicel properties, such as combined feces and urine viscosity, was
iacking. It was not known what the maximum loading rate or detenﬁion'
beriod should be. The add;tlonal datsg required would have expanded the
investigation beyond the intended scope of study.

A generalized prediction equation is valid if its range‘encoﬁpassesv
the prototype system. Although the density and viscosity of a slurry
manure are not known noﬁ, a generalized predictien equation presumably ‘
eould be used to pfediet rotor aerator'performahbe iﬁ liquid manure;
even though the experiments were done with water, | |

The dissolved oxygen analyzer wae calibrated at the O percent oxy-
gen level aﬁd at 100% oxygen saturation. Four different cheeks were

made: aerated water; non-aerated water; boiled water; and water to
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which sodium sulfite was added, Of each sample, approximately 250-300
ml was transferred to BOD bottles for this purpose. In addition, the
Aisterberg (Azide) modification of Winkler method described in Standard
Methods for the Examination of Water and Wastewater (1) was used to
determine the dissolved oxygen content of duplicate samples of the
aerated and boiled water, The latter provided assurance in the reli-
ability of the results being obtained.

Prior to the start of each experiment, both the check tank and
aerated tank were filled with equal volumes of water. The purposé of
the check tank was to determine whether or not there was any transfer
of oxygen across the air-water interface during the experimental obser-
vation. A Centigrade thermometer was immersed in the check tank and
the water temperature was observed prior to the étart of test,; at inﬁer«
vals during the tesﬁ, and upon cessation of the experimental observation.

Sodium sulfite was added to the aeration tank in the ratio of %
gram to 1 liter of distilled water. This figure was arrived at by
faking 1 liter of distilled water and adding %, 1, 3, and 4.6 grams to
each sample. These solutions were mixed first with a hand stirrer and
then with a magnetic stirrer until the powdered sodium sulfite solutiom
had disappeared. & 500 m]l sample was drawn off and the four samples
mounted on an Hipps and Bird Laboratory Stirrer (Ser. No. 2.678, Rich-
mond, Va.). A period of 13 minutes elapsed before the stirrer was
turned on. After approximately thirty minutes of stirring at cne-half
speed, the dissolved oxygen measurement for the % gm NaSOB/liter con~
tainer was at about 1%. As would be expected, the solutions in the
other beakers required a ionger mixing period, It was concluded that

# gm NaS0-/liter would suffice for the experiment conditions as ini-
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tially there would be no aeration of the solution‘until the staft of
test. The main concern was to have a zero coﬁdition for dissolved oxy-‘
gen at the start of the experimeﬁtal observation, and not to have too 
long a rotor aeration test period at the zero dissolved oxygen level
.due to the qu@ntity of sodium sulfite added to the distilled water, To
‘illustrate this point further, with the 4.6 gm NaSOB/liter of distilled
water, the dissolved oxygen level of the solution after eight hours of
stirring was still zero.
| Thé volume of water required for each experiment was calculated
lfrom'the predetermined liquid depth and the inside area of the aerétién
 ﬁank. 4fter a given quantity of water‘had been added to the aerator
tank, a series of taped reference levels were established on the trans-
parent sides of the tank. The required amount of sodium sulfite was
added,‘ahd the‘rotor aerétor run briefly to speed solution of the pow-
der into the water., A,ﬁaiting period followed before an experimental
qbservation was started. This was generally for about forty minutes.
Before thé start of each experimental observation, standard BOD
bottle samples of water (250-BCO ml) were removed from botﬁ the aeration
énd check tank for dissolved oxygen measurement. To compensate for the
removal of this quantity of water, an equal amount of distilled water
was added to both tanks, initially, in addition to the volume calculated
for the experiment, After the measurement was made, the sample was not
returned until first a new sample had been withdrawn from the ﬁanks.
This meant that the liquid depth in the aerator tank was decreased
slightly during this period. Most of the measﬁrements were made at
approximately two minute time intervals. When the rate of change for

dissolved oxygen concentration in the liquid began to show signs of de-
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creasing, a greater time interval on measurement was used. These mea-
suremente were then stopped fter it had been established that suffi-
cient data had been collected to indicate the lewieling off effect shown

in Figure 4.



'CHAPTER VI
ANALYSIS OF DATA

Under normal atmospheric conditions, assuming that a liquid has no
dissolved oxygen present in it initially and that it is then subjected
. to aeration by mechanical means, the hypotheiical reéults descfibed
earlier by the curve of Figure 4 can be expected. The slope of the
curve will be dependent somewhat upon the efficiency of the meéhanical
aefator system in its operatién. Ideally, it would alsc be desirable
gor the dissolved oxygen concentration curve to reach the saturatiop
level for dissolved oxygen in a liguid at a giver temperature. _in Fig-
ure 4, this is represented by the horizontal line, Cg.

However in practice this ideal condition of liquid saturation for
dissolved oxygen concentration, G4, will not be achieved, ideally or

practically, even if the OTC is constant, because:

wofeett]
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or:

1 -(OTC xAt) CenCs
C =C-[C -C']e ( = Qo b
R N 87 TL0TC xat

Thus; Cy will never, in finite time, equal Cj. This observation
is made independently of any system limitations.

The experimental data when plotted on semi-log paper was of the
form shown in Figures 13 and 1l4. For the straight line portion, this
is the type of relationship that one would expect according to the anal=-
ysis developed on page 22. Davis (9) in a discussion of fundamental
forms of empirical equations states that such a plot of data on semi-
logarithmic paper suggests an empirical equatior of the form y = 108%bX
for the straight line¢ portion,

The data of Figures 13 and 1) do not fit a straight line beyond a
certain'pointa This departure from a linear plot occurs because the
oxygen transfer coefficient, OTC, is no longer constant. The reason
for this could be the physical limitations of a given type rotor.aeru
ator system. A& study of.the murpeose behind the mechanical azeration of
a liquid or slurry would indicate that one of the prime considerations
is the acceleration in the transfer of oxygen from air to a liguid or
slurry. For the experiments conducted, this factor is reflected by the
value of OTC obtained. A high OTC value would mean a rapid transfer of
oxygen from the air to a liquid and a low OTC value would be the oppo-
site in meaning. Therefore, it becomes necessary to establish a repre-
sentative value for OTC in relation to the liquid dissolved oxygen con-
centration level at equilibrium or saturation.

In the experiments conducted, it was necessary to determine the
line slope cut-off or breaking point for data of the form shown in Fig-

ures 13 and 14. This was to say that rotor aerator performance could
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be evaluated from data obtained in the region going from zero dissolved
oxygen concentration in a ligquid to»a dissolved oxygen concentration
level where ligquid equilibrium or saturation is being’approached. The
latter part isthe flat dr asymptotic portion of the curve shown in
Figure L, This part of the curve is not as critical when it comes to
selectioﬁvof a rotor aerator for system‘applications. It would seem
that once the equilibrium or saturation point for concentration of
dissolved oxygen in a liquid or slurry has béen reached or maiqtainéd,
the desired goal for system performance has been achieved. The question
of greater importance is the transfer of oxygen from air to 1iquid or
slurry in terms of the design oxygen requirement of a system. For ex-
ample, the oxygenation capacity of a rotor aerator for an animai waste
processing installation might be 2,5 lb/day; & rotor aerator can then
be e?aluated in terms of oxygen transfer coefficients for varied systenm
operating conditions to determine whether or not it will satisfy the re-
quirement indicated.

The method chosen to determine the line slope, OTC, for the exper-
iment data, such as that shown in Pigures 13 and 14, is described as
follows, ©5Starting with the first three measurements for which dissolved
oxygen values greater than zero were observed, the line slope was deterw
mined and this computation repeated for each observation thereafter.
This analysis was made using a digital computer. For each line slope,
the error mean square of regression was found and the difference be-
tween the error mean square for each successive observation was obtain-
ed, Sample data are shown in Table IV, When the error mean square of
regression incremental difference appeared to take a sudden change,

this was the point selected for breaking the line slope., Data beyond



T4BIE IV

LINE SLOPE SELECTION FROCEDURE

Error Mean Square_4 Incremental -4 Time,
of Regression x 10 _ Difference x 10 mins.
7.51 24
001&5
7.06 27
0.48
6.58 29
1.88
8.46 31
0.59
7.87 34
0.78
7.09 36
0.48
6.61 38
0.83
5.78 hl
0.63
5,15 h3
0.6
h.5) &5
- 0.36
4.15 L7
0.30
3.85 59
- 0,23
3.62 52
J.14
301@8 5&
2.18
3.3 56
0.4
3.7 60
1.2
be9 6
1.3
6.2 68
2.3
8.5 74
3.4
11.9 79
701
19 85
7.6

26.6 ' 91
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this point was not used and was considered aé being more representative
‘of the flatter or asymptotic portion of the curve type such as is shown
in Figure 4. Using the method described permitted the inclusion of
some of the data from the transitional region between the straight line.
and the flat portion of the type curﬁes already,discussed. The result-
ing OTC value is a more conservative one for describing rotor aerator |
system,effectiveness than would have been obtained if thé 0TC value were
- selected at the time period‘where the lowest error mean sguare of re-
gression was determined. However, in terms of a relative comparison of
the performance for different type rotor aerators, the findings will be
similar. N

In Table IVQ the greatest incremental diffeience occurred in going
from the 79 minute to the 85 minute time period. The incremental»difn
ference'for‘the error mean souare values obtained<changes-fr9m‘3.h to
7.1. In this case,‘the slope of the line, 0TC, was selected és that
vaiue obtained at the 79 minute time period. Thé slope of the line for
each of the experi@ents conducted, and its corresponding correlation
coefficient obtained in this manner are given in Appendix B,

For the data of Table IV, the OTC value obtained by the error mean
square of regression incremental difference was -1.026. If the alter-
‘nate method of OTC selection based upon the lowest error mean square of
regression were ﬁsed, the OTC value would be ~1.33. In Table IV, for
the latter, this would corressond to the measurements made'over a 56

minute timerperiod.
OTC, the line slope obtained from each experiment was divided by
the speed, N, to give a dimensionless term. These vaiues were then

plotted against the various independent parameters on log-ldg paper.,
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hecording to the procedure given by Murphy (26) which was described
earlier, if the data plotted as a straight liﬁe‘onvlbg~log paber, the
component equations could be combined Ey multiﬁiication.-‘For the data
plotted, it was hypothesized that this rélationship existed and a liheaf
regression analysis of the data was made, These values and»thevcorfes--

ponding correlation coefficients obtained are presented in Table V,'
TABIE V

COMPONENT EQUATION SLOPES AND CORRELATION COEFFICIENTS

Independent Parameter o Slope Correlation

Coefficient
Pi3’ Feynolds Number | E 0.700 | 0,983
Pih’ Froude Number - ~ -0.187 0.958
Pié, Paddle immersion depth/Rotor diameter 0.856 0.987
Piy, Paddle finger width/notor diameter = 0,183  0.995
Pig, Liquid depth/Rotor dismeter -0.275 0,99

The resulting prediction equation for the component equation re-
sults when combined by multiplication was:

g%g = (7.42 x 10-7)[%6(0'700)x Fr(;o'167)x Pid0'856x ?w0.183x g1"0‘27%]
o) G G

Ly W. '
The Pi terms ﬁg and»ﬁ% were not included since the aerator tank

length, L;, and width, W, along with the rotor aerator width, Wé, were
held constant for all of the experiments. The numerical values for 

these two Pi terms were 3,36 and 1,68 respectively, Tﬁe aerator rotor.
end effects were ignored. Therefore, the Pi term fﬁ was dropped from

v D
the prediction equation,



CHAPTER VII
DISCUSSION AND APPLICATION OF RESULTS

A comparison of the predicted values and the observed values for
the rotor aerator studied is given in Figure 15. The 45 degree line
represents where the points would be located if each predicted value
and the corresponding observed value were in perfect agreement. A line-
ar regression analysis of this data was made to determine the line of
best fit, its slope, line intercept, and correlation coefficient. These
values were 1l.4L, -0.0000514, and 0.917 respectively. .

The two points at the top of the plot in Figure 15 were for exper-
iments number } and 7, In both instances, it was the Pi term for Hey-
nolds number, Pi3, which was being varied. Some of the discrepancy
here between the observed énd predicted data may have been due to exper-
imental technique or error. A noticeable difference was observed in the
aerator tank liquid agitation betwéen experiments number L aﬁd 5. Both
of these tests involved a variation in the Reynolds number, Pi3s for
similar conditions. For experiment 4, the liquid agitation action could
be described as being vigorous whereas with experiment 5, there appeared
to be a more gentle, stirring action of the liquid in tbe zeration tank,
For both experiments.h and 5, the rate of oxygen transfer from the air
to the liquid was rapid during the early stage étarting from the initial
cqndition of zero dissolved oxygen content. The amount of time for fre-

guency between sampling and measurement of dissolved oxygen was limited

55
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to intervals of two to three minutes and possibly this factor could have
contributed to the difference shown., If dissolved oxygen measurements
could have been made at intervals of one minute or less, such data would
have helped to better describe the rate of change in the dissolved OXY=-
gen content of a liquid where this process was occurring more rapidly.
This was not possible to do for the way in which the experiménts were
conducted.,

In the engineering design of a rotor aerator, the rate of oxygen
transfer per paddle revolution for varied application conditions is of
interest. A prediction equation of the form developed can be used to
determine the effects of such variables as rotor speed; paddle wheel
diameter, liquid or slurry depth, or certain changes in paddle‘wheel
configuration. A similar evaluation can be made for different liquids
or slurries. Examples illustrating these applications follow.

The curve of Figure 16 was plotted from OTC/N computations made
for model rotor aerator speed increments of 50 rpm starting at this
value and ending at 1000 rpm, This covered the experiment paddle zera-
tor speed range used which was from 83.6 rpm to 966 rpm. A similar com-—
putation was made for a prototype rotor aerator having a diameter of 27’
inches. The resulting curve plot obtained, Figure 17, was similar ex-
cept that the OTC/N values were larger. These ranged from a vglue of
1.25 x 1072 at 50 rpm to 3.33 x 10> at 1000 rpm. The same numerical

d
Pid

P

ratios of the model were used for Pig, 5 Pi7, 2%5 and Pig, -
When the rotor aerator speed is changed, Figure 16, both the Rey-

nolds and Froude number, along with the dependent Pi term, OTC/N, will

‘be affected in the prediction equation but not the other independent Pi

terms. As might be expected if one were to examine the prediction ecua-



20—

otor Diameter: 2.25"
Paddle immersien .depth: 378"
Liquid depth: 3 25/32" '
Paddle finger width; §5/32"

OTC/N x 10-5
3
o
T

0 — 1 | | 1 |
0. 200 400 600 800 1000
SPEED, RPM

Figure 16. Effect of Speed on Rotor Aerator Rate of Oxygen
- Transfer* Model Conditiens.

8¢



Rotor diameter: 27"

Paddle immersion depth: 4.5"
Paddle finger width: 1.875"
Liquid depth: 3.78! -

—

0 200 400 600 800 1000
SPEED, RPM

Figure 17. Effect of Speéed on Rotor Aerator Rate of Oxygen
Transfer; Prototype Conditions.

OTC/N x 10-3
o
[

6G



60

tion more closely, an increase in rotor Speed,wili resuit}in aﬁ_increase
in the value of OTC/N, the oxygen‘transfef coefficient per revolution |
_ of the rotor. v | | L
- A further examinatien of theIEurvevshewn in Figufe 16.indiCates
that bejond a given speed, thevgainrobtaised_in the incseased value ef
OTG/N may not be sufficient to offset the increasiﬁg operationai.energy
consumptlon costs for drlving the rotor aerator at the increased speed.
Although the latter factor was not a’ part of . this study, it 1s an im-
portant con31deratlon in system fleld application and demonstrates the
~ usefulness of the predietion equatien.
As the rotor aerator speed'iS'increased,_evepsually liquid'erbz,
‘slurry turbulence'ﬁiil occur;x Under these~condi£ions; thefe will be  1
a correspondlng increase in the numerlcal values for the Reynolds num-
ber and Froude number and there should be a more effective transfer of
oxygen due to the m;x;ng effect, The curve of Flgure 16, was plotted’
from OTC/N calculations for speed increments of 50 rpm. Although notv
'shown on the graph these values were computed up to 3000 rpm which was
beyond the range of the Reynolds number used in the experiments. ﬁt a
speed of 3000 rpm, the oTe/N value abtained was 23.} x 107,
~ Figure 18 shows the effect of a change in rotor diameter on the
~oxygen trahsfer‘coefficient'per revolution of the rotor. When the rotof .
diameter is changed, all of the independent Pi termS<are\affected;,'As
with changes in speed, both the Reynolds and Froude numbers are affected,_
The maximum effect on the exygen transfer coefficieﬁt per fevolution :
occurs when both the rotor diameter and speed sre increased. The com
parative calculated OTC/N values for different rotor diameters for some

representative rotor aerator speeds are also shown in Flgure 18.
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Figure 19 éﬁows the effect that a change in the ratio of the paddle
finger width to the rotor diameter has on the expected oxygen transfer
coefficiént per revolution of the rotor. Two curves are shown:

1, A calculated data plot, Figure 19a, for an assumed protdtype

application.

2, The calculated data plot for the model, Figure 19b, used in the

' experiments,

Both curves are similar in shape as would be expected. When the
Pw/D value is very low, such as for the ratios shown, there is a marked
reduction in the OTC/N value for the rotor aerator, |

If only the liguid or slurry depth is changed, Figure 20, the oxy-
gen transfer coefficient per revolution of the fotor will decrease with
increased depth. This would be an expected occurrence due to thevin»
crease in liquid or slurry vélume if all other factors remain unchanged.
By}definition the ox&gen transfer coefficient, OTC, represents a ratio
of a unit volume of diséolved oxygen to a unit volume of the liquid or
slgrry for a given time period. As the liquid or slurry volume is in-
creased and all other factors are held constant, the value of OTC will
decrease, In terms of system design, if the liquid or slurry depth were
already established then the selection of the diameter rotor for an ap-
plication can be an important consideration. For example, in Figure 20&,
if the ratio of liquid depth to rotor diameter is greater than 3, the
okygen transfer coefficient per revolutién of the rotor, OTC/N, will
start tending to level off. Similarly, the reverse could hold true of
specifying operational liquid or slurry depths fér a given diémeter
rotor based upon the information shown in Figure 20.

In evaluating this relationship of OTC/N to dj /D, the volume of
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liquid or slurry can also be a factor. For examplé, if thefe were two
different volumes of a liquid or slurry and the ratio of liquid depth to
rotor aerator diameter was the same in both of these applications, the
total amount of oxygen transferred, up to a certaiﬁ peint, would be
greater for the larger liquid volume under comparable paddle aerator
operating conditions,

. When the paddle immersion depth is increased for a given rotor di-
- ameter, Figures 21 and 22, the oxygen transfer coefficient per revolu- ‘
t;on of the rotor is approximately a linear relationship. As the paddle
’finger immersion.depth increases so does the paddle surface area that is
“in contact with the liquid. The result is an increase in the OTC/N
value. With this condition an increase in power requirements can be ex-

pected as the paddle immersion depth increases for a given diameter,
Application of Prediction Equagtion

" The prediction equation was used to estimate the probable perform-
ance of three known prototype installatidns. Twe of these,lowa (20) and
‘ ﬁbegdeen, Scotland (6) involved rotor aerators being used with an oxi-
dation ditch. Both of.theée studies were concérned with the evaluation
of such éystems, The data was repbrted in whole or iﬁ éart and where
the values were givén for speed, paddle immersion‘depth, paddle diameter,
liguid_depth, and péd&lé finger width these were substituted into the
prediction equatidﬁwéeQéloped. If a value or val@éévﬁere missing, an
assumption was necesséry, o

The third prototype installation evaluated was one used in brush‘
ae:aiion studies conducted by the Netherlands Research institute forv

Public Health Engineering as reported by Pasveer (30). This study in-



66

Rotor diameter: 2.25"
Paddle finger width: 5/32"
Liquid depth: 3.781"
Speed: 300 rpm

30 |
w0 20 —
o
—

X
==
~
O
&
O
10 +—
0
0
Figure 21.

0.125 0.25 0.375 0.5
P;4/D

Predicted Performance Curve for Variation in
Paddle Immersion Depth: Model Conditions.



67

6 -
5 |-
y
[42]
1
o
—
% 3= .
/ Rotor diameter: 27"
z Paddle finger width: 1.87§"
et Liquid depth: 3.78'
o Speed: 300 rpm
2 }—
1
0 B 1 | I DR

0 0.1 0.2 0.3 0.4 0.5
~ Pia/D

Figure 22. Predicted Performance Curve for Variation in
Paddle Immersion Depth: Prototype Conditions.



68

volved an aeration tank having a liquid volume of 141 cubic feet. An
angle type blade was used in contrast to the flat, rectangular shaped
blade of this study. It was necessary to make two assumptions:

1. Liquid depth.

2, Paddle finger width,
The%depth of the liquid or slurry was taken as being 3 to 5 feet ‘this
. being the range that might be found in an oxidation ditch. The'prediéf
'tion_équdtion evaluation included an evaluation for both liquid depth
conditions, The angle-iron aerator finger width was not known so the
width of the paddle finger studied was used.

The OTC value obtained from the prediction equation was related to

-the expression developed earlier:

1-C,/Cq
In [T-G1/C;
' t

0TC = - =

U”‘ﬁﬂs most of the profotype rotor aerator speeds were reported in
units of rpm, the dimension used for OTC was 1/min, The initial time
period, t, selected‘forvsystem performance evaluation was sixty minutes,
Thisiserved as the basis for estimating the per cent change in dissolved
oxygen that might take place in a liquid over a'onéjhcur period; The
procedure followed éan be visvalized further by referring to Figures 13
‘and 14 which illusffaﬁé the experiment data plot on semi»log paper. It
is based upon the premise that there is no dissolved oxygen present in
the liquid initially and the COTC value is the criterion for measuring
the effectiveness of the rotor aerator for oxygen transfer,

The predicted amount of oxygen transfer, POT, from air to a liquid

or slurry was determined from the following expression:
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POT = 60(10°7C) ¢, = mg/1(hr)
where:
60(100TC) is the per cent‘change in dissolved oxygen concentration
for a one hour time period,l/hr.
ez = dissolved oxygen cdncentration level in water at liquid sat-
uration for the known or assumed temperature, mg/l. |
izThe units for POT, mg/l (hr), are approximately equal to oz/hf
(1000 ft3), When POT was multiplied times the known or estimated volume
of liquid or slurfy being aerated, this gave the total amount of oxygen
‘transferred by a mechanical aerator, or what can be referred to as the
oxygenation capacity for‘é given system, . Examples of prediction equa-
tion application follow. |
At Aberdeen, Scotland (6), a study was made of a method of handling
livestock wastes on a limited acreage. It involved the use of a primary
oxidation ditech for treatment éf swine waste., The rotor used for the
~experiment was 18" in diameter and consisted of 4 arms each having six
43" x 63" cup shaped blades. A photograph of the primary rotor aerator
included with this report indicated that the 43" dimension was the
eqﬁivalent of the paddle finger width, Pw, fqr use in the prediction
equation, The speed for rotor operation was at approximately 86 rpm and
thé paddle blade wa: immersed into the s;ﬁrryvat a depthJ¢f’2§ ; 2%¢;,.
The slurry depth was not given but the overall ditch volumégfigure wﬁé;
This was approximately 200 cubic feet. The oxygenation capaéity of the
Abefdeen rotor aerator was measured as 2,14 1lb/day. o
In applying the prediction equation to the Aberdeen, Séétiéﬁ;”;n-
stallation, the values used for density, e s and liquid absolute viscos-

‘ ityuﬂl, in Reynolds number were that of water. Where swine wastes were
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being treated in the system, it would not be,expected that these values
be the same, 4n 9stimated volumé of 200 cubic feet was given for ditch
capacity. The basicbsurface area dimensions for the oxidation ditch
were' given but not the slurry depth. From these figures, the slurry
depth was computed and this value substituted for d; in the'prediétion,
equgtion. This was found to be 0,56! or.6.72§. Caleulations of QOTC
were made for both a 2" and 2i" paddle immersion depth. In addition,
calculations were made for a slurry depth of 6", 12" and 1.5%., With
eachtof these calcﬁlations, the new slurry volume was determined. These
results are summarized in Teble VI,

TABLE VI

- APPLICATION OF PREDICTION BQUATION TO ABERDEEN, SCOTLAND (6) DATA

d,Slurry Approx.  Pid,Paddle Pw,Paddle OTC Anti- Oxygenation*
Depth Ditch Volume Immersion Finger Width logarithm Capacity

inches cu.ft. Depth,inches inches "~ 1/min. 1b/day
6 18y 2.0 L5 1.26 2.09
6 18, 2.5 L.5 1.32 2.19
6.5 200%¥ 2.0 L5 1.25 2.26
6.5 200%* 2.5 L5 1.31 2.37
12 367 2.0 L5 1.21 .00
12 367 2.5 45 1.26 417
18 550 2.0 L5 108 5.88
18 550 2.5 45 1.23 6,09

% Value obtained for prediction equation developed.
¥# For this condition, the measured oxygenation capacity reported was

2,14 1b/day.
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The figures of Table VI are based upon 24 hour operatlon of the
rotor aerator., In the Aberdeen, Scotland experlments, the rotor aerator
was time élock.controlled but the operational cycle was not given. It |
was assumed that thé only time the rotor aerator was inoperative was the -
period for effluent settling in the primary oxidation ditch just prior
to its discharge. The Aberdeen, Scotland report discussion pointed out
that‘an oxygen deficit was observed in the experiments, The measured
oxygenation capacity for this installation was 2.1, 1b/day and this
measurement was not possible until near completion of the experiments,
For the number of hogs housed; the estimated oxygen need was 10.8 1b/day.
The latter statement is significant in that it showé the merit éf thé
use of a prediction equation. The figures of Table VI, besides showing
a similar estimated oxygenation capacity to the results reported, also
suggest that the system as described was inadequate for the performance
desired, This is of value to the design or application engineer as it
provides a useful tool for making a preliminary evaluation of design
recommendation prior to field installation. In this case, parameteré‘
could be selected and evaluated until the desired combination were ob-
fained. | | |

The Towa &tate University study reported by Knight (20) 1nvolved
the evaluation of the performance of a mechanical aerator oper&tlng in
a full-sized oxidation diteh. The rotor dimensions were:

Length: 3 ft. Diameter: 27%" Paddle finger ﬁidth: 21
& variable speed motor drive was used to provide an output speed range
of 175 to 350 rpm. This speed was further reduced by means of a chain
and sprocket drive to give a theoretical rotor aerator speed range of

54.4 to 108.8 rpm. The oxygen uptake experiments were made with water
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which was deoxygenated by using sodium sulfite with a cobalt chloride
catalyst.

The Iowa study did not attempt to establish a dimensionless oxygen
transfer coefficient, OTC, such as was done in this dissertation. In-
stead, a reaeration constant, Kd, was used the expression of which was

Hoh
wheres
Dy, D, were the dissolved oxygen deficits at 20°C, 760mm pressure;
and zero dissolved oxygen in the water, in mg/i,bat times tl and

t2 respectively.

v 1nDy = 1nD,
The comparable expression in this dissertation for T, -t
‘ G X
Cs = C¢
is 1ncS ~C; ¥ 100 as shown in Figures 13 and 14.
At

The prediction equation developed was evaluated for the data and
results of calculations from a typical run described by Knight. This
test run was for a paddle immersion depth of 3 igches and an oxidation
ditch water volume of 7,260 cubic feet. From the oxidation ditch plan
view and cross section given, the liquid depth was calculated to be 4.5
.feeto Prediction equation evaluations were then made fér the 3, 4, and
5 foot liquid depths and the 4.5 foot condition. |

In mgkiﬁg the comparative evaluation of the prediction equation to
the Iowa data, the initial concentration level of oxygen in the liquid,
Cys was takén as zero for time, tj. This was done because the'predictién
équation had been developed in this manner and for simplification in
evaluation. This meant that the corresponding value for the Iowa study

would have been 9.21 mg/l for dissolved oxygen deficit at time, by, if
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a zero condition had been obtained. The coﬁcentration leﬁel of oxygen
in the liquid, C,, at tiﬁe, t,, was 6.33 mg/l-which représented a one
hour period, |

Using the prediction equation, the oxygen transfer‘coefficienté
were, found to be 1»32, 1.29, 1.28 and 1,27 respectively for the mechan-
_icaljaerator operating conditions previously désefibed. .These ﬁalges
werelfor corresponding liquid slurry depths of 3, L, 4.5 and 5.0 feet.
The‘percentage of the overall dissolved oxygen Satufation concentration
levels for these conditions.after an hour period ﬁere calculated to bé
795 77.5, 76.9, and 76.3 per cent. This was equivalent to a coﬁcentraw o
tion of 7.27, 7.14, 7.08, and 7.02 mg/l of dissolved oxygen in the lig~-
uid, 02,'35 compared to the 6.33 mg/l value measgred in.the Iowa‘study.
This.again demonstrated a good relationship betweén the prediction equa;‘
tion develqped and field application. |

For the solution of gases in liquids in motion Pasveer (29)(30)
stated that the oxygeﬁation capacity of an‘agration uhit was équal to

%%’ a time rate of change in the concentration of the dissolved oxygen

in a liquid. He derived the expression %% = 25.9 tan K%Q for oxygena-

tion capacity where: :

tan®{ represented -———— log
x P t’l - to g CLB - ("’l

and:

klg- represented a variation in temperature as compared to
t .

10°C.,
The terms CLS’ CO, and Cl represent dissolved oxygen concentration

levels in & liquid at saturation, initially,.e.g. time, to, and at any

time, tl. For a time period of hours and a degree of concentration of
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oxygen in grams per cubic meter, the units for oxygenation capacity were
_grams per hour per cubic meter which is the equivalent‘of ounces per

hour per 1000 cu, ft.

) Cyg - C
The expression 1 log S 7 Y0 ysed by Pasveer is comparable
ty - to Crs = C4

to the expression developed for OTC, the oxygen transfer coefficient,
eicebt for the arrangement of the dissoclved oxygen concentration levels
in the numerator, A.éomputational check for téné(‘and CTC using the
dissolved oxygen concentratioﬂ_levels reported by Pasveer gave similar
results, Based upon this evaluation, ﬁhe prediction equation was then
used to compute an estimated OTC for substitution into the Pasveer ex-
pression forvoxygehation capacity. These results obtained are compared
graphically in Figure 23.

- In Figure 23; the solid line represents a plot of the data obtained
in the Netherlands study while the dashed line représents the predicted.
values. For reason of graphical clarity, the prediction equaiion cal-
culations for the 3 foot and 5 foot liquid depth were averaged and this
poinp plotted. The prediction equation values for the 5 foot liquid
depth were slightly less than that for the 3 foot depth, This would be
as expected due to the increased volume of liquid being aerated while
all pther system conditions remained constant., Thé predicted rotor aer-
ator oxygenation capacity for the 7 to 12 cm paddle immersion depth is
essentially in agreement with the Netherlands performance data reported.
There is a more n§table difference between the actual value and the pre-
»dict?d value at the 5 cm and 14 om paddle immersion depth. Part of this
difference could be reflected by the paddle blade configuration used in
field application and that used for prediction equation development,

The‘pelationship of liquid depth to the liquid volume could have been
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another contributing factor. A4lthough the'liquid volume was given, the

tank surface area and liquid dépth dimensions were not ihdicated;



' CHAPTER VIII
 SUMMARY AND CONCLUSIONS
Sumary LA
An experimgntal'inveStigatiOn1invblvihg thé'prinéiples Qf]dimené"‘
gional analysis and similitude wasbconducted'to evaluaté.the¢gffec£iVee
ness of oxygen transfer from air to-liquid‘by;rofér ¢f ﬂpadd1e whéel":
aerators. Thevphysical pertinent quantities beiievéd:imerﬁant‘iﬂlpadé 
dle aerator-system.operation were identified, Table I,’:Using the Buck- |
ingham Pirtheorem,-thése Pi-tenms were then combined inﬁé dimensiphléSS
vratlos, p.2h. | | | | | ‘

' of the dlmen51onless ratlos formed, Pi OTC/N the oxygen transfer

l’
~ coefficient per revolution of rotor, was selected as. the. dependent varl-b’
able_and.represented the physlcal response being measured in the»exper;-'”
' Qents conducted. The remaining Pi terms were treated as independen£
:varlables. |

| The experimenta were done with physically similar models using dis-
tilled water as the liquid according to the experigent s¢hedulewpresent-
ed in Tab;e III'f§rvm6de1 éerator speeds based uﬁéﬁ the variation made‘
in tﬁé Fréﬁée number. _The selected prototybe speed raﬁge from which ihe.
ﬁédei paddlé aerator speed computations were made_was:from 60 tp 300 rpm,

.Datafwés céllected vérying one independent‘Pi,term at a time. The
method of least squares was used in the developnent of the component

equations whlch related the dependent Pi term, OTC/N to each of the in- .

77
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dependent Pi terms. The component equations were combined by multipli-
cation to obtain the prediction equation, p. 54. A series of paddle
aerator performance curves were prepared from the prediction equation
evaluating the effects of paddle speed, paddle diameter, paddle immersion
depth, paddle finger width, and liquid depth.

Using the prediction equation, a comparison was made between the
predicted values and the observed values. The regression line yielded a
slope of 1.44 and a correlation coefficient of 0.917. The prediction
equation was also evaluated against data obtained from three prototype
installations.

The results obtained identify the factors pertinent to oxygen
transfer by paddle wheel aerators and show how these factors can be

applied to paddle aerator system design.
Conclusions

The laboratory method developed presents a technique not heretofore
considered for use in the engineering design and analysis of a paddle
aerator system. This procedure can be used to obtain quantitative predic-
tion equations for estimating the performance of mechanical aerator
systems. Once a prediction equation for a given system is developed, it
can then be further used to evaluate new applications provided the para-
meters involved fall within the range of the prediction equation developed.

The oxygen transfer coefficient per revolution of rotor can be

defined by a prediction equation.

- . -0. i . ,183 ,d1.-0.275
O§C - (7.42 x 10 7) [Re(o 700) Fr( 0 187)X(P;d>0 856X(%vi)0 1 3X(_D;) 75]

This equation takes into consideration the characteristics of the liquid
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or slurry_being aerated,_ﬁaddle speed, paddle diameter, paddle,immersiqn ’
~ depth, paddle finger width, and the liquid or glurry,depth;

The prediction‘equation develéped can bevuséd £o estimate_ﬁrotqf-"
type rotor aerator performance, This validaﬁicn was.shown“by’analyéis |
of data obtained from prototype rotor aerator systeﬁ installétions,lo;,v"
~ cated in Scotland and Iowa. In Scotland, the measured axygenation ca—.

pacity was reported as 2.14 1b/day._ Using the'prédictioh equatioh}'the '
calculated‘oxygenation.éapacity was 2;26'and 2.37vlb/day-f§r,the‘p#raek
meters selected. For the Iowa study, the predicted dissolved‘oxygeﬁ
concentratlon levels ranged from 7.02 to 7. 27 mg/l as compared to a
measgred value of 6.33 mg/l. However, for the studles reported‘by.Pas—':
veer, there was both good agreement'and‘some:disagfgemenp-in the pre7'3
dictibn eqﬁation validation. The disagfeement.occurred in‘the regibh
~of the 5 em and 13 em paddle immersion depths, This COuld:be dué‘in'
part to the differences between the model and prototype as: descrlbed
earlier and the manner in whlch the OTC. slope determlnation was made. :
Based upon the range of the experlments conducted and the analysxs
used, the follow1ng statements can be made for the oxygen transfer co~
efficient per revolution of rctor, OTC/N |
1. An increase in the diameter or speed of the. paddle aerater will ~
vresult in an inoreasé in R |
2. 4s paddle 1mmersion depth is increased, OTC/N increases. This
relatlonshlp is approximately llnear. |
3. OTC/N decreases with an increase in llquid or slurry depth.  m;
L The ratio of paddle finger width to paddlevdiameter has a -.
well-defined effect on OTC/N ﬁhen the ratioc of £Y is less than

D
0.1.
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Suggestions for Further Stddy .
The following type experiments are suggested:
3; Paddle configuratibn |
Concave or convex shaped fingers{migﬁf,ﬁe gged'in
lieu of flat, rectangular shaped fingers,_'

b. Change éérator-tank dimensions, e.g, tank length ahd.width.
Validate the prediction equation deVeiqped using a full-éiZe_ |
prototype. ‘ - | | |
Evaluate the prediction equation for diffefent‘type-materiaisg ;
in particylar animal wastes. | |

Develop a prediction equation for an oxidation ditch.,
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APPENDIX A
- EXPERIMENT SEQUENCE

“Test Pi term Opeed,N  Paddle  Rotor Tiquid ~ Paddle finger ..

No. ' varied RPM depth,Pid diameter,D depth,D width,Pw
v inches inches.  inches inches
1 Model #* 300 3/8 2,25 325/32 . 5/32
2% Pig #% 300 3/8 2.25 L 25/32 - 5/32
3 Pig 300 3/8 .25  525/32 -  5/32
L  Pig 218 L5/64 Le25 7 3/32 0,294
5 Pig 28 L5/6h - h.25 7 3/32 - 0.29
6 P 83.6  45/6L 4.25 7 9/6) 0.294
7 Pig 230 L5/6L L..25 7 9/64 0.294
8  Piz 249  35/b 3.2 617/32  0.225
9 Pij 143 35/6L  3.25 6 17/32 0.225
10 Pig 29 35/6L 3.25 617/32  0.225
11 Pig 300 5/8 2,25 3 25/32 5/32
12 Pig 300 1/8 2.25 3 25/32 - 5/32
13 Model * 300 3/8. 2,25 3 25/32 5/32
14 Pig 300 3/8 2.25 L 25/32 5/32
15 Pig 300 3/8 2,25 525/32 5/32
16 Pig 300 3/8 2,25 525/32 5/32
17 Pig =~ 300 3/8 2,25 5 9/32 5/32
18  Pig 300 3/8 2.25 - 5 9/32 - 5/32
19 Pig =~ 300 3/8 2.25 5 9/32 5/32
20 Pig - 300 3/8 2,25 32532 12
21 Piy 300 3/8 - 2.25 325/32  1f2
22 Pig 300 3/8 2,25 3 25/32 - 1/2
23 Pi, 300 3/8 2,25 325/32  1/2
24 Piy 300 3/8 2,25  325/32  1/2
25 Pig 300 3/8 S 2.25 0 325/32  1/L
26 Piy 300 3/8 2.25 3 25/32 1/L
27 Pin 300 3/8 2,25 3 25/32 1/4
- 28 Model ¥* 300 3/8 2,25 325/32 - 5/32
29  Model * 300 3/8 2,25 325/32 5/32
30 Pig 420 13/6L 1.25 1 61764, 0.086
31 Pi3 410 13/64, 1.25 161/64 © 0,086
32 Pi3 402 13/64, 1.25  161/6 0,086
33 Pij, 966 13/64 1.25 1 6L/6L 0.086
3L Piy 966 13/6,  1.25 1-61/64 0.086
35 Piy 966 13/64 1.25 1 61/6L - 0,086

-Model *: The rotor aerator physical dimensiohs when the pretotype is
-scaled to a 1:12 ratio and speed calculation is based upon Froude
number, v

¥ Test No. 2 results were dropped due to an error in experiment set-up,

Pi, = Ne®ND2 pi, = NeDNZ2 p;, - Pid i = Pw _d
iz ) 3y, ° =5 Pig 5 P17 5 P18 = ﬁ*
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Pi Term Experiment OTC,l - Correlation
Number L Coefficient,R
. TReynolds Number, Piq ' R
' _ . I -0,0985 0.643
7 ~0.0954 - 0,600
8 - =0,0461 0.751
10 -0,0471 0.681
30 -0.0301 - 0,788
31 -0.0349 0,703
32 ~0.0452 0.711
Froude Number, Pih o :
6 - =0,0137 0779
9 -0,0201 0,726
33 -0,0827 0,687
34 -0.0688 0.675
: S 35 -0,0890. - - 0.668
Paddle Immersion Depth/ o : :
Rotor Diameter, Pig ‘ o
C 11 ~-0.0453 0.715
12 -0.0109 0.855-
1 ~0,0283 -0.989
13 -0,0306 0,723
28 -0.0269 0.764,
. 29 -0.0197 0.786
Paddle Finger Width/ _ o
Rotor Diameter, Pi, -
20 ~0.0356 0,738
21 ~0,0321 0.704
22 -0.0183 0.769
23 -0.0474 0.767
24 ~0.0357 0.756
25 -0.0281 0,755
1 ~0,0283 -0,989
13 ~0,0306 0.723 -
28 -0,0269 0.764
29 -0,0197 0.786
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EXPERIMENT DATA CORFELATION COEFFICTENTS AND OTC VALUES

1

Pi Term Experiment - OTC,¥ Correlation
Number . . Coefficient,R
Liquid Depth/Rotor
Diameter, P18 : . -
1 ~0.0312 - 0.766
15 -Q0,0288 - 0.717
16 -0.0174 © 04736
17 -0.0210 0,838
18 =0,0293 o 0.765
19 -0.0254 - 0,77
l . -0¢ 0283 .-_0._ 989
13 ~0,0306 - 0,723
29

=0,0197

0,786
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